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Abstract
We present a detailed study of the superconducting properties in the β-phase Mo1-xRex (x =
0.25 and 0.4) solid solution alloys pursued through magnetization and heat capacity
measurements. The temperature dependence of the upper critical field HC2(T) in these binary
alloys shows a deviation from the prediction of the Werthamer–Helfand–Hohenberg (WHH)
theory. The temperature dependence of superfluid density estimated from the variation of
lower critical field HC1 with temperature, cannot be explained within the framework of a
single superconducting energy gap. The heat capacity also shows an anomalous feature in its
temperature dependence. All these results can be reasonably explained by considering the
existence of two superconducting energy gaps in these Mo1-xRex alloys. Initial results of
electronic structure calculations and resonant photoelectron spectroscopy measurements
support this possibility and suggest that the Re-5d like states at the Fermi level may not
intermix with the Mo-5p and 5s like states in the β-phase Mo1-xRex alloys and contribute quite
distinctly to the superconductivity of these alloys.
Introduction
There has been a widespread interest recently in the multiband effect in
superconductors, especially after the discovery of superconductivity in iron pnictide
compounds [1]. Several new materials have been identified where the multiband
effect is considered to be important [2–10]. Even before the recent interest, multiband
effects were also known to govern the superconductivity in some well known
materials like MgB2, NbSe2, borocarbides, Nb3Sn and MgCNi3 [11–15]. All these
superconductors have complex crystallographic structures and complex Fermi
surfaces. In this context it is interesting to note here that a two-band model was once
considered for understanding the superconductivity in elemental body centered cubic
(bcc) Niobium [16]. However, to the best of our knowledge the same framework has
not been used so far to investigate the superconducting properties in other cubic
metals and solid solution alloys. This is due to the fact that impurities, disorder and
inter-band scattering can suppress the multiband effect in potential superconductors
[2]. To this end, we re-investigate the interesting but not so well explored
superconducting properties of β-phase Mo1-xRex binary solid solution alloys and show
that various interesting superconducting properties of these alloys with bcc crystal
structure can be explained within the framework of two superconducting gaps.
Mo1-xRex alloys possess excellent mechanical properties at elevated temperatures
and find widespread applications in aerospace and defense industries, medical fields
and welding production [17–20]. Superconductivity has been observed in Mo1-xRex
alloys across a wide solid-solution range of its phase diagram. The superconducting
transition temperature TC in some of the alloy compositions is about an order of
magnitude higher than the TC = 0.9 K in Mo and TC = 1 K in Re [21]. The TC of
Mo1-xRex alloys varies non linearly with x [22]. The Mo0.60Re0.40 alloy was
identified as a strong coupling superconductor with a normalized energy gap 2/kBTC
= 5.0. This was well above the value of 3.52 predicted by the
Bardeen–Cooper–Schrieffer (BCS) theory of a weakly coupled superconductor [23].
Shum et al provided an explanation for the enhancement of TC in Mo0.60Re0.40
alloy by considering lattice softening [24]. The mass defect of Mo and Re i.e.
MRe/MMo = 1.94, disturbs the phonon spectrum and leads to the quasi local vibration
or Brout–Visscher mode [25]. This mode contributes appreciably to the
electron-phonon coupling function α2F (ω) and to 2/kBTC. However, subsequent point
contact spectroscopy studies by Tulina and Zaitsev pointed out that the enhancement
of the electron-phonon coupling (λep) from the lattice softening alone could not
explain the enhancement of TC in Mo1-xRex alloys [26]. They argued that there must
be a significant contribution from the electronic factor N(0) <I2> (N(0) is the electron
density of states and <I2> is the matrix element of the electron phonon coupling)
towards the enhancement of TC in these alloys [26].
Molybdenum has an unoccupied d band just above the Fermi level and it is quite clear
that the addition of Re fills those unoccupied states and enhances the density of states
(DOS) of the alloy system [21]. According to Matthias’ empirical rule [21], the TC for
solid solutions of transition metals shows its maxima at valence electrons per atom
(e/a ratio) around 4.7 and 6.4. The maximum in the TC also corresponds to the
maximum in the Sommerfeld coefficient of electronic heat capacity γ . This indicates
that the maximum in the TC is observed for the maximum electron density of states at
the Fermi level [21]. However, the electron density of states for the solid solutions
corresponding to e/a = 6.4 is quite low as compared to that corresponding to e/a = 4.7
and it is to be noted that Mo1-xRex solid solutions belong to the former regime [27].
Hence, the exact reason for the enhancement of TC in Mo1-xRex solid solutions still
remains a matter of debate [24, 26].
The electronic properties of the Mo1-xRex alloys are also quite interesting and the
existence of Fermi pockets and associated electronic topological transition (ETT)
have been established in the Mo1-xRex alloys above the critical concentration xC =
0.11 through various experimental and theoretical studies [28–32]. The direct
evidence of this ETT has been obtained recently with the help of angle resolved
photoemission spectroscopy measurements along the H-N direction of the Brillouin
zone [33]. However, any correlation between the ETT and the superconducting
properties of the Mo1-xRex alloys is yet to be established. Apart from all these
interesting microscopic properties, the Mo1-xRex alloys may also be useful for
superconducting radio-frequency cavity applications [34].
In this paper we present a detailed study of temperature(T ) and magnetic field (H)
dependence of magnetization (M) and heat capacity (C) in the Mo1-xRex (x = 0.25
and 0.4) alloys. We show that the temperature dependence of C(T ) in these alloys can
be explained by considering the existence of two superconducting gaps. A positive
curvature is observed in the temperature dependence of the upper critical field HC2,
which is a possible signature of a multiband effect. The superfluid density (estimated
from the temperature dependence of the lower critical field HC1) can also be
understood by considering the existence of two superconducting gaps. We note that
this multiband effect in the Mo1-xRex alloys is observed in that alloy composition
range where the appearance of the Fermi pockets above a critical value x > xC has
earlier been reported in the literature [33].
Experimental details
Polycrystalline samples of Mo1-xRex, where (x = 0.25, 0.40) were prepared by melting
constituent elements with purity better than 99.95% in an arc furnace under 99.999%
argon atmosphere. The samples were flipped and remelted six times to improve the
homogeneity. Figure 1 shows the x-ray diffraction patterns of these alloys obtained
with a Geigerflex diffractometer (Rigaku, Japan) which indicate that these samples
have formed in the bcc phase (space group: Im3m). The lattice parameters obtained
are about 3.135 ± 0.001 A0 and 3.126 ± 0.001 A0, respectively, for x = 0.25 and x =
0.40. The heat capacity measurements were performed in the temperature range 2–15
K in various applied magnetic fields up to 3 T using a Physical Property Measurement
System (PPMS; Quantum Design, USA). The magnetization measurements were
performed using a Superconducting Quantum Interference Device (SQUID) based
Vibrating Sample Magnetometer (SQUID-VSM; Quantum Design, USA).
Results and discussion
Figures 2(a) and (b) show the temperature dependence of heat capacity C(T ) for the
Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively, at various applied magnetic
fields. The superconducting transition temperature TC is estimated as that temperature
where the temperature derivative of the heat capacity is minimum. The estimated
value of TC is 9.6±0.1 K for the Mo0.75Re0.25 alloy and 12.4±0.2 K for the
Mo0.60Re0.40 alloy. The application of a magnetic field shifts the TC to lower
temperatures. A field of 2 T suppresses the superconductivity to below 2 K in the
Mo0.75Re0.25 alloy, whereas about 3 T is needed to achieve the same suppression in
the Mo0.60Re0.40 alloy. In such a case the C(T ) in the normal state can be expressed
by the functional form C(T ) = Ce + CL where Ce = γ T is the electronic contribution
to heat capacity and CL = βT3+δT5 is the lattice contribution to heat capacity[35].
Figures 2(c) and (d) show the plots of C/T versus T2 of these alloys in the normal state
obtained by applying high magnetic fields, which suppressed the superconducting
transition temperature below 2 K. The C/T is linear in T 2 just above 2 K. However, a
deviation of C/T from linearity appears at temperatures well below TC(H = 0) (blue
dashed line in figures 2(c) and (d)). The temperature dependence of heat capacity C(T )
can be fitted with the functional form γ T + βT3 + δT5 (red solid line in figures 2(c)
and (d)) over an extended temperature range well above TC(H = 0). The Debye
temperature θD can be estimated from the coefficient β as θ3 D = 1943.66/β. The
estimated Debye temperature θD is 440 ± 4 K for the Mo0.75Re0.25 alloy and θD is
373 ± 2 K for the Mo0.60Re0.40 alloy. Morin and Maita [27] reported a θD value of
340 K for Mo0.60Re0.40 alloy, while θD value reported by Stewart and Giorgi [23]
for the same alloy was 325 K. The value of Sommerfeld coefficient of electronic heat
capacity γ is estimated to be about 3.83 ± 0.02 mJ mol-1 K2 and 4.48 ± 0.02 mJ mol-1
K2 fortheMo0.75Re0.25 andMo0.60Re0.40 alloys, respectively. The γ value reported
earlier for Mo0.60Re0.40 alloy agrees well with the present results [23].
Figure 1: X-ray diffraction pattern for Mo0.75Re0.25 alloy and Mo0.60Re0.40 in the range 30–900
obtained using Cu-Kα radiation. The most intense peak of each of the patterns is scaled to 1000 in
order to present the patterns in the same scale. The intensity of x-ray diffraction pattern of
Mo0.60Re0.40 alloy is shifted upwards by 1000 (for the clarity). The samples are found to have a bcc
structure and space group: Im3m.
Figures 3(a) and (b) show the magnetization (M) as a function of magnetic field (H) at
various temperatures below the TC of the Mo0.75Re0.25 and Mo0.60Re0.40 alloys,
respectively. The insets show the expanded view of the field dependence of
magnetization near HC2. The upper critical field HC2 is estimated from the magnetic
field dependence of magnetization as the field at which the irreversible magnetization
(giving rise to a hysteresis loop) reduces to zero. This field is slightly above the
cross-over field from the diamagnetism to paramagnetism. These results are
complemented with heat capacity measurements by noting down the temperature
TC(H) of the jump in the C(T ) at various applied magnetic fields. Figures 3(c) and (d)
show the magnetic field dependence of magnetization M(H) below TC of the
Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively, with an enlarged low H region.
The measurements were performed after cooling the sample in the zero magnetic field
to the desired temperature T < TC from well above TC. The data have been corrected
for the demagnetization effects. At low fields, the magnetization M(H) is linear in -H
indicating that the sample is in the Meissner state. A procedure of a linear fit of a
number of data points near Happl = 0 after equating M to H, is used to estimate the
demagnetization factor in these alloys. Then the effective magnetic field is
estimated as Heff = Happl -αM. The lower critical field HC1, below which a type-II
superconductor remains in the Meissner state, is in principle estimated from the
deviation from the linearity in the low field M versus H plot. However, such
estimation of HC1 may be impaired by the Bean–Livingston surface barrier and /or
geometrical barrier effects [36, 37]. In order to estimate the HC1, a straight line is
fitted to the M-H curve and the difference M between the measured magnetization and
the fitted curve is estimated for a wide magnetic field region [37–39]. The (M)1/2 is
then plotted as a function of H and the value of HC1 is estimated as the field at which a
fitted straight line to this curve crosses the H axis [37–39]. We have observed that
while this procedure is applicable for determining HC1 in the Mo0.60Re0.40 alloy,
(M)1/2 is not linear in H for the Mo0.75Re0.25 alloy. Hence, for this latter alloy HC1
is estimated as the field at which the M-H curve deviates from linearity. Since HC1
will be different for different criteria, we have estimated HC1 as that field at which
the rise of d2M/dH2 at high fields extrapolates to zero. We have also crosschecked
some of the estimated HC1 values in both the alloys following another procedure,
which involves estimation of dM/dH from the measured isothermal M(H) curves both
in increasing and decreasing cycle [40]. The temperature dependence of HC2 is shown
for the Mo0.75Re0.25 and Mo0.60Re0.40 alloys in figure 4. The derivative
(dHC2/dT )T =TC estimated by fitting a straight line to the data points just below TC
turns out to be about -0.159 ± 0.005 T K-1 for the Mo0.75Re0.25 alloy and -0.29 ±
0.01 T K-1 for the Mo0.60Re0.40 alloy. Within the framework of Werthamer,
Helfand and Hohenberg (WHH) model [41], the temperature dependence of HC2 can
be expressed in the dirty limit as
[1]
where t = T /TC, ħ = 2eH(νf2τ/6πTC) = (4/π2) HC2TC/ (-dHC2/dT )T =TC with Fermi
velocity νf and the relaxation time of electrons τ, αM = 3/2mνf 2τ = HC2(0)/1.84√2 TC
and λSO = 1/3πTCτ2 with the relaxation time of electrons for spin-orbit interaction τ2.
The temperature dependence of HC2 estimated using the WHH model (dashed lines in
figure 4) by taking experimentally obtained (dHC2/dT )T =TC matches with the
experimental observations only at temperatures close to the TC. This deviation from
the WHH model indicates that the HC2(T) line in these alloys has a positive curvature.
We have also tried to fit the HC2(T ) over a large temperature range by taking
(dHC2/dT )T =TC and TC as fitting parameters and the corresponding fit is shown as
solid lines in figure 4. The fitted curve matches with the experimental data at low
temperatures and deviates at temperatures close to TC for both the alloys. The values
of (dHC2/dT )T =TC obtained are -0.193±0.002 T K-1 and -0.335±0.005 T K-1 for the
Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively. These values are
comparatively higher than those estimated experimentally, which leads to a deviation
at temperature close to TC. The value of TC obtained as fitting parameter is 9.3 ± 0.06
K for the Mo0.75Re0.25 alloy and 12.2 ± 0.1 K for the Mo0.60Re0.40 alloy. These
values are smaller than those observed experimentally. For both the alloys, the fitting
parameter αM lies between 0.08 to 0.18 and λSO is about zero. This indicates that the
paramagnetic effects and spin orbit interaction are negligible in these alloys. The
values of the temperature dependent HC2 for the present alloys are comparable to
those reported earlier in the literature [42, 43]. Even in those earlier reports the
temperature dependence of HC2 for various Mo1-xRex solid solutions showed
deviation from the predictions of theoretical model available at that time, namely the
Abrikosov–Gorkov model [42].
Figure 2. Temperature dependence of heat capacity of (a) Mo0.75Re0.25 and (b) Mo0.60Re0.40 alloys
in different magnetic fields. The superconducting transition temperature TC is 9.6 ± 0.1 K and 12.4 ±
0.2 K, respectively, for the Mo0.75Re0.25 and Mo0.60Re0.40 alloys. The panels (c) and (d) present the
C/T versus T2 of these alloys in the normal state. The open symbols are experimental points. The blue
dashed line is the linear fit. The red solid line is the fit using C(T ) = γ T + βT3 + δT5.
The temperature dependence of HC1 (see figure 5) for the Mo0.75Re0.25 and
Mo0.60Re0.40 alloys shows the usual form HC1(T ) = HC1(0) [1 - (T /TC)2] down to
the lowest temperature [44]. The fit using the above equation at low temperatures
yields HC1(0) = 68.5±0.1 mT for Mo0.75Re0.25 and HC1(0) = 81.4 ± 0.1 mT for
Mo0.60Re0.40. The values of HC1(T ) for the Mo0.60Re0.40 alloy are comparable to
those of the Mo0.64Re0.36 alloy reported earlier in the literature [43]. However, the
temperature dependence of HC1 for the Mo0.75Re0.25 alloy is different from that
reported for the same composition [42].
For a superconductor in the local limit with ξ(0)<< λ (where ξ(0) and λ are coherence
length and penetration depth, respectively), the normalized super fluid density ρs(T )
in the framework of local London model is given by [45, 46]
[2]
The Figure 6(a)and (b) show the temperature dependence of HC1(T )/HC1(0) of the
Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively, which represent the superfluid
density in these alloys. The open symbols are the experimental data points. For a
single gap superconductor, the normalized superfluid density can be expressed as [47]
[3]
where F (E) is the Fermi function and Here, Δ(T) is the
superconducting gap [45, 47]. For an isotropic superconductor, Δ(T ) is given by Δ(T )
= Δ(0) tanh{1.82[1.018(TC/T - 1)]0.51} where Δ(0) is the superconducting gap at
absolute zero [48].
Figure 3. Magnetic field dependence of magnetization of (a) Mo0.75Re0.25 and (b) Mo0.60Re0.40
below TC. The insets show the expanded view of the field dependence of magnetization near HC2. The
upper critical field HC2 is estimated from the magnetic field dependence of magnetization as the
field at which the irreversible magnetization (giving rise to a hysteresis loop) in the isothermal M-H
curves reduces to zero. The panels (c) and (d) present the magnetic field dependence of magnetization
at various temperatures below TC of the Mo0.75Re0.25 and the Mo0.60Re0.40 alloys, respectively, in
low H regime. Magnetization results presented here are in the form of closely spaced data points.
The dotted lines in figures 6(a) and (b) show the temperature dependence of
normalized superfluid density estimated using the equation (3) for an isotropic single
gap superconductor with Δ(0) = 5.5±0.5 K for the Mo0.75Re0.25 alloy and Δ(0) =
20.5 ± 0.4 K for the Mo0.60Re0.40 alloy,
.
Figure 4. Temperature dependence of the upper critical field HC2 for the Mo1-xRex alloys. The dashed
lines are the fit using Werthamer, Helfand and Hohenberg (WHH) model by taking experimentally
obtained (dHC2/dT )T =TC. The fit matches with the experimental observations only at temperatures
close to TC The solid lines represent the fits to the data by taking (dHC2/dT )T =TC and TC as fitting
parameters. In this case, the experimental data points deviate from WHH model at temperatures close
to TC.
Figure 5. Temperature dependence of the lower critical field HC1 for Mo1-xRex binary alloys. The
solid lines represent the fits to the data using the form HC1(T ) = HC1(0) [1 - (T /TC)2].
respectively. The goodness of fit is estimated from the Pearson’s χ2 test method as
where Oi is the experimental value, Ei is expected or the
theoretical value and n is the number of data points. The value of χ2 is about 0.19 for
the Mo0.75Re0.25 alloy and 0.26 for the Mo0.60Re0.40 alloy. The estimated
theoretical curve matches well with the experimental data at high temperatures.
However, marked deviation observed at low temperatures indicates the possibility of
the existence of two superconducting gaps [49] or the presence of a single anisotropic
gap [50]. For a two gap superconductor, the normalized superfluid density can be
expressed as [47].
[4]
where ΔS and ΔL are the small and large superconducting gap, respectively. The
parameter c is the fraction that the small gap contributes to the superconductivity. At
low temperatures (T /TC < 0.5) where (T ) varies within 10% of Δ(0), the equation
(4) reduces to
[5]
The fit to the temperature dependence of superfluid density at low temperatures using
equation (5) can distinguish between the presence of a single anisotropic gap and two
superconducting gaps. In case of the presence of a single anisotropic gap, the
parameter c in equation (5) will approach unity or zero. Any one of the ΔS(0) and ΔL(0)
should also approach zero and the other should have a value less than 1.76kBTC [51].
If the system has two superconducting gaps, then the parameter c will have a value
such that 0 < c < 1 and both the ΔS(0) and ΔL(0) will have non zero values. The insets
to the figures 6(a) and (b) show the fit to the superfluid density at low temperatures
using equation (5) for the Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively. The
fits indicate the existence of two superconducting gaps in these alloys and negate the
possibility of a single anisotropic gap. The value of ΔL(0) is very close to the BCS
theoretical limit of 1.76kBTC. Hence, we have used equation (4) to fit the superfluid
density in whole temperature range (red solid lines in the figures 6(a) and (b)) by
considering two isotropic superconducting gaps. The χ2 is about 0.13 for the
Mo0.75Re0.25 alloy and 0.0074 for the Mo0.60Re0.40 alloy. Note that χ2 values are
smaller for two gap models as compared to that for single gap models. The values of
ΔL(0) (ΔS(0)) = 18.0 ± 0.6 K (9.0 ± 0.6 K) for the Mo0.75Re0.25 and ΔL(0) (ΔS(0) =
22.5± 0.6 K (6.0± 0.5 K) for the Mo0.60Re0.40 are slightly higher (quite lower) than
the BCS limit of 1.76kBTC. The estimated value of c is about 25 ± 1% and 12 ± 1%
for the Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively.
Figure 6. Temperature dependence of superfluid density of (a) Mo0.75Re0.25 and (b) Mo0.60Re0.40.
The open symbols are experimental data points, the dotted line is the fit obtained by considering single
gap and the solid line is the fit obtained by considering two superconducting gaps. The insets show the
fit below T < 0.5TC using equation (5) to know whether the system has two superconducting gaps or an
anisotropic gap. The analysis shows that the temperature dependence of superfluid density of these
alloys can be explained only after considering the existence of two superconducting gaps.
Additional evidence for the existence of two superconducting gaps in the present
Mo1-xRex alloys can be obtained directly from the temperature dependence of heat
capacity in the superconducting state. The electronic heat capacity in the
superconducting state CS in the zero magnetic field is estimated by subtracting the
contribution of the lattice heat capacity CL from the total heat capacity and is plotted
as CS/γ TC in figures 7(a) and (b). The values of heat capacity jump at TC, ΔCS/γTC
are about 1.7 and 2 for the Mo0.75Re0.25 and Mo0.60Re0.40 alloys, respectively and
these are substantially higher than the BCS value of 1.43 for the weak coupling
superconductors. This again suggests that the superconductivity in the present binary
Mo1-xRex alloys is rather unconventional.
The electronic heat capacity in the superconducting state for a superconductor with
two superconducting gaps corresponding to two bands without interband scattering is
given by [52]
[6]
where CSi (i = 1, 2) corresponds to heat capacity resulting from superconducting gap
Δi and c = γ1/γ is the fraction that the small gap contributes to the superconductivity
and γ = γ1 + γ2. Here γ1 (γ2) is the normal state γ for the band 1 (band 2) that is
superconducting.
Here, the CSi/γiTC is given by [53, 54]
[7]
where Ei = x2 + δi2, fi = (1 + exp(αiTCEi/T ))-1 and αi = Δi(0)/kBTC. The Δi(0) is the
superconducting gap at absolute zero. For an isotropics wave superconductor, δi =
Δi(T )/Δi(0), where Δi(0) is a constant, δi = (Δi(T )/Δi(0)) cos nφ for line nodes and δi =
(Δi(T )/Δi(0)) sin nθ for point nodes, where θ and φ are the polar and azimuthal angles
over the Fermi surface. The equation (6) reduces to a single gap model when c = 0.
The dotted blue lines in figures 7(a) and (b) represent the temperature dependence of
heat capacity in the superconducting state with a single isotropic superconducting gap
Δ(0) = 19.0 ± 0.5 K for the Mo0.75Re0.25 alloy and Δ(0) = 26.5 ± 0.5 K for the
Mo0.60Re0.40 alloy, respectively. The goodness of fit χ2 is about 0.1 for the
Mo0.75Re0.25 alloy and 0.114 for the Mo0.60Re0.40 alloy. However, at low
temperatures, the value of CS/γTC obtained experimentally is higher than that
corresponding to the model fitting using single isotropic gap. We have also observed
that the model fitting by considering a single anisotropic gap (not shown here for the
sake of clarity) cannot explain the temperature dependence of the heat capacity in
these Mo1-xRex alloys. Then we have fitted our experimental results using equations
(6) and (7) (solid red line in figures 7(a) and (b)) and found that the two isotropic
superconducting gaps can explain the temperature dependence of heat capacity in the
superconducting state. The χ2 value is about 0.041 for the Mo0.75Re0.25 alloy and
0.013 for the Mo0.60Re0.40 alloy. Similar to the fitting of temperature dependence of
superfluid density, the χ2 values corresponding to the fitting of the temperature
dependence of heat capacity are also smaller for two gap models as compared to that
for single gap model. The analysis shows that the value of the larger (smaller) of the
two gaps ΔL(0) (ΔS(0)) = 20.0±0.6 K (9.7 ± 0.5 K) for the Mo0.75Re0.25 alloy and
ΔL(0) (ΔS(0)) = 26.5 ± 0.6 K (8.2 ± 0.6 K) for the Mo0.60Re0.40 alloy is higher
(lower) than the BCS limit of 1.76kBTC. The contribution from the smaller gap is
about 10 ± 1% in the Mo0.75Re0.25 alloy whereas it is about 2.0 ± 0.2% in the
Mo0.60Re0.40 alloy. These values, however, are relatively less as compared to that
estimated from superfluid density. Such behavior has been observed earlier in another
superconductor PrPt4Ge12 [46, 55]. This is probably due to the fact that the
superfluid density estimated from HC1 is a local property whereas heat capacity is a
bulk property. We have also not considered the effect of inter-band scattering in
analyzing the temperature dependence of heat capacity in the superconducting state. It
is to be noted here that in an earlier study of the temperature dependence of electronic
heat capacity in Mo0.60Re0.40 alloy, a clear deviation from the exponential behavior
(corresponding to single energy gap) was indeed observed [23] but not analyzed
further.
Figure 7. Temperature dependence of the electronic heat capacity in the superconducting state CS/γTC
plotted as a function of T/TC for (a) Mo0.75Re0.25 and (b) Mo0.60Re0.40. The lines are fits to the
experimental data (open symbols). The analysis shows that the temperature dependence of the heat
capacity in these alloys can be explained by considering the existence of two superconducting gaps.
In the case of two-gap superconductors, the magnetic field dependence of the
electronic part of heat capacity CS/T at temperatures well below TC should show two
distinct linear regions with a change of slope at intermediate fields [2]. We have
shown in figure 8, the plot of CS/T as a function of H/HC2 at 2 K for both the
Mo0.75Re0.25 and Mo0.60Re0.40 alloys. The CS/T corresponding to Mo0.60Re0.40
alloy is shifted upwards for clarity. In case of the Mo0.75Re0.25 alloy, the slope of
the low field linear portion is slightly higher as compared to that at high fields, which
is similar to other two gap superconductors such as MgB2 and NbSe2 [56]. Such
behaviour is observed when the smaller of the two gaps vanishes at low fields and the
corresponding normal electron contribution increases. However, in the case of the
Mo0.60Re0.40 alloy, the change in the slope is quite subtle and is also reversed as
compared to that of the Mo0.75Re0.25 alloy. This may be due to the enhanced
inter-band scattering [2] in the Mo0.60Re0.40 alloy. The present β-phase Mo1-xRex
binary alloys have the bcc crystal structure, which is analogous to the elemental
molybdenum. In this structure, the Mo and Re atoms randomly occupy the corner of
the cube (0, 0, 0) and the body center (0.5, 0.5, 0.5). Thus, the presence of two
superconducting gaps in these alloys at the first sight is quite surprising. However, the
concentration of Re in the present alloys is higher than the critical concentration xC =
0.11 at which the existence of electronic topological transition in β -phase Mo1-xRex
binary alloys has been reported [28–33]. For the Mo1-xRex alloys above xC, a band
crosses the Fermi level along the H-N direction of the Brillouin zone [33]. Initial
results of our band structure calculations and resonant photoelectron spectroscopy
experiments reveal that the there is a charge transfer from Re to Mo when Re is
alloyed with the Mo [57]. Our study also reveals that there is a substantial change in
the structure of density of states in Mo1-xRex alloys just below the Fermi level [57].
The density of states at the Fermi level of the Mo1-xRex alloys are mainly derived
from the narrow Re 5d like states and the broad Mo5p as well as Mo5s like states. The
Re 5d like states are not intermixed with the Mo 5p like and Mo 5s like states. These
initial results [57] when compared with the results of angle resolved photoemission
studies reported in literatures [33], indicate that the Re 5d like states can be linked to
the band that crosses the Fermi level along the H-N direction of the Brillouin zone
when Re is alloyed with Mo. It is natural to expect that the Fermi velocity in these
narrow Re 5d like states is distinctly different from that in the broad Mo 5p like and
Mo 5s like states. Therefore, we conjecture that these narrow Re 5d like states
contribute to the superconductivity separately from the broad Mo 5p like and Mo 5s
like states. It is also to be noted that the multiband superconductivity at the electronic
topological transition has been observed in systems such as URhGe [58] and the high
temperature superconducting pnictides [59].
Figure 8. Magnetic field dependence of CS/T at 2 K as a function of H/HC2 for the Mo0.75Re0.25 and
Mo0.60Re0.40 alloys. The CS/T corresponding to Mo0.60Re0.40 alloy is shifted upwards for clarity. The
magnetic field dependence of the heat capacity shows two linear regions and a change in slope at
intermediate magnetic fields in these alloys.
Conclusion
In summary, we have observed various anomalous features in the superconducting
properties, namely the upper critical field and superfluid density of the β-phase
Mo1-xRex (x = 0.25 and 0.4) alloys. These anomalous features are suggestive of the
existence of two superconducting gaps in these binary alloy superconductors. Further
support for the presence of a multiband effect is obtained from the temperature
dependence of the heat capacity in the superconducting state. At first sight, the
possibility of such multiband effects in these Mo1-xRex alloys with relatively simple
crystal structures is quite surprising. However, there are reports in the literature
[28–33] which suggest the existence of an ETT in the Mo1-xRex alloys with the
critical concentration xC = 0.11. In this direction, preliminary results [57] of our
electronic structure calculation and resonance photoelectron spectroscopy
experiments in the present Mo1-xRex (x = 0.25 and 0.4) alloys reveal the existence of
narrow Re 5d like states and the broad Mo 5p as well as Mo 5s like states at the Fermi
level, which contribute to a large enhancement in the density of states at the Fermi
level. These narrow Re 5d like states along with the broad Mo 5p and Mo 5s like
states are possibly the source of the multiband effect in the present Mo1-xRex alloys.
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